Abstract-In this paper, a theoretical investigation of the highspeed coupling phenomena of two laterally coupled diode lasers (LCDL) is presented. The analysis is centered on the spatiotemporal dynamics of the LCDL when coupling between emitters is varied. We have obtained the dynamic behavior of these devices showing high resonance frequencies beyond the well-known resonance frequency of a single diode laser. In this paper, we have presented a new modulation scheme by asymmetric switching of the injected current in both stripes, showing short optical output pulse modulation with a high repetition rate.
I. INTRODUCTION
T HE behavior of laterally coupled laser arrays has been the subject of numerous theoretical and experimental studies. It was expected that the coupling of the different emitters would achieve global behavior, and thus, an increase of output power [1] . When the device exhibits global behavior, fixed-phase relations between the electric fields in the different emitters are established, which explains the reason these devices are known as phase-locked laser arrays. These coupled lasers produce changes in the temporal evolution of the output optical power [2] - [4] , which could be used as high-frequency small-signal-modulated devices [5] - [7] . The relaxation oscillation frequency of a single laser can be exceeded by using a new design of two laterally coupled diode lasers (LCDL) presented in a previous paper [8] , and it will be focus of this paper. Furthermore, if we use a novel modulation technique, we will demonstrate how this technique can be used to produce short pulses at high repetition rates.
To study these devices, we could use the coupled-mode theory, but this presents limitations as it neglects carrier diffusion and the effect of gain guiding. Two effects that are important in laterally coupled lasers closely spaced between emitters. Despite this limitation, we use the optical field coupling effects to analyze the frequency associated with the rate of photon exchange between the coupled emitters, working in out-of-phase regime [3] , [5] , [6] , when the phase difference between optical fields of the two emitters is fixed at radians. Furthermore, in our case we will study these neglected effects through implementation of a more complete model. Therefore, in this paper, we will analyze the dynamic behavior of LCDL by using two different numerical methods. First, a spatiotemporal model will be used to study the temporal evolution of the field's spatial profile of the device, and secondly, the dynamics of the device will be analyzed through a description of coupled-rate equations. Using these two methods, we will present the influence of the physical parameters, carrier diffusion and coupling effects on the dynamic behavior, showing oscillation frequencies up to 25 GHz, which are considerably beyond the resonance oscillation frequency of a single semiconductor laser with the same characteristics. We will be able to see the influence of the injection current, the interemitter distance and carrier diffusion about the laser dynamics [3] .
In addition, we will show that the dynamics of these devices, as described in the standard coupled-rate equations approach for coupled lasers, allows us to devise a novel modulation scheme based on the characteristics of the device. It is shown here how this modulation scheme can produce short pulses by using both models.
The organization of this paper is as follows. In Section II, the two general models used to study the LCDL are presented. Section III analyzes the dynamics of these devices for different distances between emitters. In Section IV, a new modulation scheme for LCDL that allows the generation of high-speed optical pulses is described. Finally, Section V summarizes the paper presenting the main conclusions of the present study.
II. THEORETICAL MODEL
LCDL are candidates to increase the modulation bandwidth of optical communication systems by using the principles of coupling between emitters operating at 1.3 m [8] . The two stripes are coupled through the evanescent tails of the field of one laser to the other. In this kind of laser, the field radiation escapes from the regions down the contacts to the zone between emitters, producing a strong overall coupling when the distance between emitters is reduced [3] . We analyze the effects of the evanescent wave coupled between emitters to obtain complex 1077-260X/01$10.00 ©2001 IEEE dynamic behavior. These devices present multigigahertz instabilities when the emitters are working in an out-of-phase regime and an asymmetric injection current is applied [8] .
In order to understand the causes of these complex dynamic characteristics, theoretical modeling of these LCDL is achieved. So, the coupling effects between laser emitters, working as one combined single device is studied. Transversely overlapping evanescent optical fields and carrier diffusion provide the physical means by which the mutual interaction between lasers is accounted for. As we have already mentioned, the dynamic behavior of LCDL is analyzed from the perspective of two different models:
1) The spatial characteristics of the device, provided by a beam-propagation model that approaches the LCDL as one single device are first considered. This model requires a detailed description of the device structure that includes, among other parameters, the refractive index steps and the profiles of the carrier density and injection current at the active layer [9] . We use the beam-propagation method (BPM) to propagate the field in the laser cavity and a temporal rate equation to update the carrier density profile, allowing us to treat the complex structure as a whole, and study its spatiotemporal response. So, we will be able to show that the output of these devices can present dynamic instabilities depending on the coupling level between emitters. 2) In order to find new areas of application, the dynamic behavior of laterally coupled devices is investigated using the coupled-rate equations approach. The temporal evolution of the electric field and carrier density of each stripe is described by means of ordinary differential equations, where specific terms are included to account for the coupling between both emitters [2] , [8] . In the following section, we provide a detailed description of the two different modeling approaches that we have used in the present study.
A. Spatiotemporal Model
When the coupled device is considered not as two emitters that are laid side by side but as a single device, one should approach the study with a model that treats the device as a whole. The model should incorporate variables with spatial profiles as there are laterally varying magnitudes, providing the electric field and carrier density in the active layer, with different carrier and injection current profiles. In this kind of model, complex structures can be studied once their physical implementation is known from the fabrication process.
Before studying the spatiotemporal dynamic behavior of these devices, we need to know the stationary behavior as well as the working point. This study is achieved in [9] by using the BPM. We will use the effective-index method in order to predict the mode guided inside the laser array structure. Quasi-index guiding is used to introduce lateral variations of the device structure associated with the guided transverse mode. In our devices, there exists good isolation between emitters and the effect of the current spreading can be neglected. To study the coupling effects between laser emitters, laterally coupled laser stripes are combined in one single device, where transversely overlapping evanescent optical fields and carrier diffusion provide the physical means by which the mutual interaction between lasers is accounted for. To calculate the effective indexes of the five vertical regions, we can approximate our model by computing the effective lateral index variation in each laser, see Fig. 1 , [10] - [12] : (1) where is the increase between the effective indexes of the two lateral regions.
, in the devices fabricated at the IEMN (France) under the FALCON European Project, is estimated at around [9] . With this expected value of the effective index step, the devices should be considered as gain guided. A schematic representation of the fabricated-coupled device structure is given in Fig. 1 (a) [9] , and in Fig. 1(b) , we present the geometry's scheme used in these coupled lasers, where is the stripe width, is the variable distance between emitters and the active-layer thickness. To calculate the electric field we use [11] : (2) where is the transverse field distribution of the fundamental transverse electric (TE) mode, and is the lateral field distribution. Using the effective-index method, we can obtain the forward and backward lateral field ( , with , , forward and backward, respectively) by satisfying the paraxial wave equation [11] , [12] : (3) where propagation constant in the free space; , with effective refractive index; mode confinement factor; spatially varying dielectric constant. To solve the paraxial wave (3), we need to specify the dependence of the spatially varying dielectric constant with the carrier density. This relation will incorporate guiding effects, passive-layer absorption and changes in the active-layer dielectric constant with the injected carrier density. The equation used is [11] , [12] : (4) where and refractive indexes of active and cladding layers, respectively; passive-layer absorption coefficient; and gain coefficients; free-carrier absorption coefficient; antiguiding parameter. A new approximation is made taking into account the effect of the injected current approximately constant under the stripes and with an exponential decay in the lateral directions of both stripes [13] . In addition to this, the carrier density profile used will be averaged over the active layer thickness , see Fig. 1(b) . This is justified because is smaller compared to the diffusion length. So, the carrier density is calculated taking into account the current spreading in the contact and the carrier diffusion inside the active layer. Following Diagram 1, the rate equation for the carrier density is solved for each step of the beam propagation method through the equation [12] , [14] :
This equation is used to solve the lateral profile of the carrier density where is a diffusion constant, represents the electron charge, is the lateral profile of the injected current density, is the spontaneous recombination coefficient, shows the Auger coefficient, is the nonradiative recombination time , see Table I , and is a constant used to simplify the last term of the (5), , which represents the total mode intensity obtained when the device is working in the above threshold regime. We calculate and with the expressions and , being the propagation constant obtained from (3) [12] . Further simplification occurs if the profile of the carrier density is assumed to be constant over the cavity length, is independent. The iteration scheme used to solve (3), (4), and (5) is shown in Diagram 1. 
B. Coupled-Rate Equations Model
In this model, the different emitters that form the LCDL are treated independently. The effect of one stripe on the other is taken into account by including coupling terms in the rate equations model. This method, used in previous studies [8] , allows us to compare the results obtained with the present model against those from the spatiotemporal model.
The main drawback that the coupled-rate equations model presents is that it ignores spatial variations and provides a spatially average description. This in turn requires each emitter to support a single transversal and longitudinal mode. When an evanescent field coupling is assumed between them, coupling terms can be introduced into the field rate equations. The coupling strength, which depends on parameters such as the distance between emitters and the current injection level, is introduced by means of a coupling effect, which at the moment is assumed constant. In the LCDL, it is usual to reduce the six rate equations accounting for the temporal evolution of the field amplitude, phase and carrier density in each stripe to five. The two-phase equations are combined into one equation, which provides the phase difference between the two stripes. If we work with photon densities instead of the electric field amplitude in each laser cavity [2] , [5] , [6] , we assume the following equations: (6) where , and are, respectively, the complex field, its amplitude, and the photon density in each laser cavity. So, the dynamic evolution of carrier and photon densities are studied through the coupled-rate equations system as follows [8] : (7) where carrier density in each laser cavity; threshold carrier; linear gain coefficient; current injected into each stripe; and lifetime of carriers and photons; linewidth enhancement factor; electron charge; confinement factor; volume of each active cavity; relative phase between the fields in the two emitters. Finally, are the real and imaginary parts of the coupling coefficient between the two active regions and .
In order to analyze, the dynamic behavior of the LCDL, we have studied the temporal evolution of the system by integrating the rate equations shown before. A fifth-order Runge-Kutta algorithm is used to obtain the temporal evolution of the carrier and photon densities and the relative phase of the fields.
III. DYNAMICS OF TWO LATERALLY COUPLED LASERS
As a first step, we analyze the dynamic response of these devices by using the coupled-rate equations model. This paper shows the existence of an oscillation frequency in the temporal response of the photon density for two-coupled lasers at 2.5 GHz when the coupling is negligible, just as if the coupled laser behaves as a single laser. When the coupling between the emitters is increased, this frequency moves upward several tenths of gigahertz [8] . However, the behavior of the temporal evolution of the photon density is unstable and the phase jumps to other values. This effect can be controlled with an appropriate choice of the imaginary part of the coupling coefficient, , used in the coupled-rate equations model (7) .
We have to point out that the jumps on the phase appear when the two lasers present strong coupling and the model must consider the two lasers as an ensemble rather than through evanescent coupling between both lasers. However, the appearance of these instabilities give us some indication of the complex dynamics that can be expected with the spatiotemporal model that is used.
We initially have an oscillation frequency of 2.5 GHz, which corresponds to the stable pole of the system (weak coupling). If the distance between two emitters decreases, we can see suddenly that the response is dominated by the unstable pole and the temporal evolution of the photon density does not have only one oscillation frequency (intermediate coupling). Fig. 2(a),(b) shows the temporal evolution of the photon density in one stripe when the distance between emitters is reduced from 9 m (weak coupling) to 6 m (intermediate coupling) [8] . This happens because the effects of coupling appear in our system, where the out-of-phase solution becomes dominant and the system appears to be unstable. Therefore, we have information about the oscillation frequency for different distances between emitters and as a result, we can characterize the dynamic behavior of the LCDL as: weak, intermediate and strong coupling. In Fig. 3 , we can observe the evolution of the oscillation frequency of the LCDL as the distance between emitters is varied [8] .
On the other hand, if we want to characterize and study the spatiotemporal dynamic behavior of these devices depending on the physical parameters (distance between emitters, current spreading, insulation between stripes and injected current profile), we will use the spatiotemporal model presented in Section II-A to solve the dynamics of the two-coupled lasers. The results that we have achieved by using this method provide us with the temporal evolution of the field amplitude and carrier profiles of the laterally coupled lasers. In Fig. 4 we present the temporal evolution of the field amplitude profile in the LCDL output facet, when the device presents strong coupling. We can appreciate a self-oscillation frequency around 50 GHz in this figure, when a constant current of two times the threshold current is applied. In this analysis we can observe that the self-oscillation frequencies of the LCDL are strongly dependent on the stripe separation. As the distance between stripes is increased, the frequency decreases. In Fig. 5 we show the spatiotemporal evolution of the field amplitude for the LCDL when we have five different distances between emitters (from 1 m, strong coupling, to 5 m, intermediate coupling) during 1.3 ns of the temporal window. It is easy to appreciate in this figure that when the distance increases, the field oscillation of two-coupled lasers decreases and the instabilities of the intermediate behavior appear. In Fig. 6 , the evolution of the self-oscillation frequency of the LCDL spatiotemporal dynamics (Fig. 5) is presented as the distance between emitters is varied. We can appreciate that the results of Figs. 3 and 6 are similar by using both models presented in Section II of this paper. 
IV. MODULATION SCHEME FOR SHORT-PULSE GENERATION IN LCDL
In the previous section, we analyzed the high-speed dynamics and the spatiotemporal behavior of the LCDL by using coupled-rate equations and spatiotemporal models. One could ask about the need for these studies unless some really interesting features of the device could be reported. This is precisely the aim of the present section. The feature consists of a modulation scheme which, based on the particular features of the coupled device, achieves modulation bandwidths well above the relaxation oscillation limit of single-stripe laser diodes.
In the previous sections, we discussed how the coupling between the two-lasing stripes achieves global behavior, characterized by the fixed-phase relations established between the fields of the stripes. In a LCDL, two different phase relations between emitters have been previously reported [8] , the in-phase and the out-of-phase, corresponding to two different modes of operation of the device. Taking advantage of the fact that the frequency spacing of these modes is tenths of gigahertz, these coupled lasers have been proposed to improve the bandwidth using mode locking techniques [15] . However, the increase of the modulation bandwidth was demonstrated under small signal modulation (using infinitesimally small amplitudes) [5] - [7] . The novel modulation scheme that we propose now is based on two main features of coupled devices, allowing us to overcome this limitation.
The main features of LCDL on which our modulation scheme is based are: a) when a symmetric current injection is applied, the dynamics of the device select one from the different modes of operation of a laterally coupled device, and b) the fixed-phase relation between the two stripes forced by the selected mode can be changed using an asymmetriccurrent injection. While the first of these features has been demonstrated in previous studies [7] , [8] , the second comes directly from the relative-phase rate (7). As the different modes are equilibrium points of the rate-equation system, for any of them (including the favorite one) the right hand side expressions reduce to zero. The phase difference is therefore fixed, as the increment for all variables is zero. However, the first term of the phase-difference rate equation depends on the carrier density of each stripe. While under symmetric-current injection both densities can be assumed equal, under asymmetric-current conditions this is no longer true and a nonzero increment is produced. Only when symmetric-current conditions are regained, will the LCDL return to its preferred mode of emission with a fixed-phase relation.
From the description above, one might already have a feeling of the potential use of the device. The last point that must be added to completely describe our modulation scheme is that it has been experimentally observed that two laterally coupled diode lasers preferred the out-of-phase mode to the in-phase one. On this basis, if we coherently add the fields on both stripes, no light would be collected at the output under symmetric-current injection as the phase difference establishes destructive interference. When an asymmetric-current injection is applied to the stripes, the phase leaves the out-of-phase relation, and a light pulse is produced. Using the coupled-rate equations model, we demonstrate how this modulation scheme allows the generation of fast light pulses by direct current modulation. The main result is presented in Fig. 7(a) , where the upper trace represents the current injected into the two stripes. When a symmetric-current injection is applied to both stripes, the phase difference is , and no light output is produced. However, whenever an asymmetric-current is introduced into the stripes, the phase leaves this fixed relation [see Fig. 7(b) ], and intensity pulses are generated as long as the asymmetric injection is maintained, Fig. 7(a) .
The pulses have a repetition rate of 125 ps, which is equivalent to an 8-GHz frequency modulation. This frequency is well above the relaxation oscillation frequency of a single-laser diode with the same characteristics as the stripes of the LCDL, which has been calculated at 2.5 GHz. The pulse width of the pulses in Fig. 7(a) is about 25 ps. The main point of the new modulation scheme is that it clearly overcomes the relaxation oscillation dynamics of a single-diode laser.
We have verified this new scheme of modulation using the spatiotemporal model described in Section II-A. In this case, we have worked with spatial parameters and with different profiles of injected current and gain in the intermediate area between emitters. Opposite current increments are applied to the stripes over the bias current level at two times the threshold current. In Fig. 8(a) , we show the temporal response for the total power emitted, when we use this novel scheme to modulate the LCDL. The vertical dot lines indicate the moments when the currents are switched and we can see how the intensity pulses are produced as response to the change in current. In Fig. 8(b) the relative phase difference between the field in the centers of the two stripes is presented, appreciating the jumps of the relative phase of an integer number of when the current modulation is applied. We can see similar results obtained in Figs. 7 and 8 with this new modulation scheme, achieving short pulses, which are very useful in communication systems.
V. CONCLUSION
In this paper, we have analyzed the dynamic behavior for laterally coupled InGaAsP diode lasers as part of the theoretical tasks under the FALCON TMR-European-Project. We present the initial characterization of the necessary parameters that govern the dynamic behavior and the stability of these laterally coupled devices working at 1.3 m.
The evolution of the dynamic behavior of these lasers using variable laser parameters as distance between emitters, carrier and injection current profiles has been studied by using two models. In the first case with the coupled-rate equations model, and in the second case by studying the spatiotemporal dynamic behavior using a combination of the BPM with a carrier-density rate equation. From our results, we can point out the physical conditions for LCDL to have high oscillation frequencies beyond the resonance frequency of a single-diode laser.
In addition, this paper for the first time presents a modulation scheme for these LCDL, which takes advantage of a unique control of the phase difference between emitters directly via the opposite switching of the injection current in both lasers, obtaining short optical pulses with high speed of repetition, which are very useful for optical communication systems. 
